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(54) Tapered fiber bundles for coupling light into and out of cladding-pumped fiber devices 



(57) In accordance with the invention, light is cou- 
pled from a plurality of semiconductor emitters to a clad- 
ding-pumped fiber via tapered fiber bundles fusion 
spliced to the cladding-pumped fiber. Individual semi- 
conductor broad stripe emitters can be coupled to indi- 
vidual multimode fibers. The individual fibers can be 
bundled together in a close-packed formation, heated 



to melting temperature, drawn into a taper and then fu- 
sion spliced to the cladding-pumped fiber. Advanta- 
geously, the taper is then overcoated with cladding ma- 
terial such as low index polymer. In addition, a fiber con- 
taining a single-mode core can be included in the fiber 
bundle. This single-mode core can be used to couple 
light into or out of the single-mode core of the cladding- 
pumped fiber. 
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Description 

FIELD OF THE INVENTION 

This invention relates to tapered fiber bundles for s 
coupling light into and out of cladding-pumped fiber de- 
vices such as lasers and amplifiers. 

BACKGROUND OF THE INVENTION 

10 

Cladding-pumped fiber devices, such as lasers and 
amplifiers, are important in a wide variety of optical ap- 
plications. In optical communications, cladding-pumped 
lasers they are used to pump high power Er/Yb amplifi- 
ers, to pump remotely located Er amplifiers in repeater- 15 
less communications systems and to pump Raman la- 
sers and amplifiers. In addition cladding pumped fiber 
devices have promising applications as light sources for 
printers and in medical optics as well as materials 
processing. 20 

A typical cladding-pumped fiber device comprises 
a single-mode core and a plurality of cladding layers. 
The inner cladding surrounding the core is typically a 
silica cladding of large cross-sectional area (as com- 
pared to the core) and high numerical aperature. It is 25 
usually non-circular (rectangular or star-shaped) to en- 
sure that the modes of the inner cladding will have good 
overlap with the core. The outer cladding is commonly 
composed of a low refractive index polymer. The index 
of the core is greater than that of the inner cladding 30 
which, in turn, is greater than the outer cladding. 

A major advantage of the cladding pumped fiber is 
that it can convert light from low-brightness sources into 
light of high brightness in a single mode fiber. Light from 
low brightness sources such as diode arrays can be 35 
coupled into the inner cladding due to its large cross- 
sectional area and high numerical aperature. In a clad- 
ding pumped laser or amplifier the core is doped with a 
rare earth such as Er. The light in the cladding interacts 
with the core and is absorbed by the rare-earth dopant. 40 
If an optical signal is passed through the pumped core, 
it will be amplified. Or if optical feedback is provided (as 
by providing a Bragg grating optical cavity), the clad- 
ding-pumped fiber will act as a laser oscillator at the 
feedback wavelength. 45 

A difficulty preventing full exploitation of the poten- 
tial of cladding-pumped fiber devices is the problem of 
coupling a sufficient number of low brightness sources 
into the inner cladding efficiency. A common approach 
is to couple the light from broad-stripe semiconductor so 
lasers into multimode fibers, to bundle the fibers and 
then to use bulk optics to couple the light from the bundle 
into the cladding-pumped fiber. See, for example, Unit- 
ed States Patent No. 5,268,978. The difficulty with this 
approach, however, is that it requires a number of fine ss 
interfaces with associated problems of matching and 
alignment, as well as two sets of fiber optics. An astig- 
matic lens is typically disposed between the semicon- 
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ductor lasers and the bundling fibers and between the 
bundling fibers and the fiber laser. Polishing, antireflec- 
tion coatings and maintenance of precise alignments 
are also required. Accordingly there is a need for a new 
robust and compact arrangement for efficiently coupling 
the output of low-brightness sources into cladding- 
pumped fibers. 

Another difficulty preventing full exploitation of the 
potential of cladding-pumped fiber lasers and amplifiers 
is the problem of coupling multimode pump light into the 
inner cladding while simultaneously coupling single- 
mode light out of or into the single-mode core. The ability 
to perform this function would allow one to construct bi- 
directionally pumped cladding-pumped fiber lasers. 
Pump light could be injected into the inner cladding of 
both ends of the cladding-pumped fiber while the single- 
mode fiber laser output could be extracted from the core. 
Additionally, simultaneous single-mode and multimode 
coupling to a cladding-pumped fiber would allow one to 
construct cladding-pumped fiber amplifiers much more 
efficient than conventional single-mode fiber amplifiers 
pumped by cladding-pumped fiber lasers. Clearly there 
is a need for an efficient means of simultaneously cou- 
pling multimode pump light into the inner cladding of a 
cladding-pumped fiber while coupling single-mode light 
into or out of the core. 

SUMMARY OF THE INVENTION 

In accordance with the invention, light is coupled 
from a plurality of semiconductor emitters to a cladding- 
pumped fiber via tapered fiber bundles fusion spliced to 
the cladding-pumped fiber. Individual semiconductor 
broad stripe emitters can be coupled to individual mul- 
timode fibers. The individual fibers can be bundled to- 
gether in a close-packed formation, heated to melting 
temperature, drawn into a taper and then fusion spliced 
to the cladding-pumped fiber. Advantageously, the taper 
is then overcoated with cladding material such as low 
index polymer. In addition, a fiber containing a single- 
mode core can be included in the fiber bundle. This sin- 
gle-mode core can be used to couple light into or out of 
the single-mode core of the cladding-pumped fiber. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The advantages, nature and various additional fea- 
tures of the invention will appear more fully upon con- 
sideration of the illustrative embodiments now to be de- 
scribed in detail in connection with the accompanying 
drawings. 

Figs. 1A-1D schematically illustrate an arrange- 
ment using a tapered bundle of multimode fibers for 
pumping a cladding-pumped fiber. 

Fig. 2 illustrates an alternative embodiment using a 
tapered bundle of rectangular fibers. 
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Figs. 3A-3E illustrate an alternative embodiment 
wherein the tapered bundle includes a single mode 
fiber. 

Figs. 4, 5 and 6 are graphical illustrations useful in 
the design of an exemplary device as illustrated in 
Fig. 3; and 

Figs. 7A-7H illustrate an alternative embodiment 
wherein the cladding-pumped fiber is provided with 
tapered bundles on both ends. 

it is to be understood that these drawings are for 
purposes of illustrating the concepts of the invention and 
are not to scale. 

DETAILED DESCRIPTION 

Referring to the drawings, Figs. 1A-1D illustrate an 
arrangement 10 for pumping a cladding-pumped fiber 
comprising a plurality of individual multimode fibers 11 
which converge to a bundled region 12 which extends 
to a tapered region 1 3 wherein the bundle tapers to a 
minimum diameter at 14 closely approximating the di- 
ameter of the cladding-pumped fiber 15. Preferably the 
fibers in the bundled region 12 are arranged a close- 
packed formation wherein the interior fibers contact the 
maximum number of neighboring fibers (see Fig. 1C). 
Ideally the bundle tapers to a cross section approximat- 
ing the inner cladding of the fiber 15. It is contemplated 
that each individual multimode fiber 11 (of which only 
three are shown in Fig. 1 A) will couple light from an as- 
sociated semiconductor emitter source 9 to the cladding 
fiber 15. 

Individual semiconductor broad-stripe emitters can 
be coupled to individual multimode fibers. The multi- 
mode fibers would typically be constructed with a pure 
silica core that is surrounded by a silica cladding doped 
with fluorine. The numerical aperture of these multi- 
mode fibers would necessarily be less than the numer- 
ical aperture of the cladding-pumped fiber These indi- 
vidual fibers are then bundled together in a close- 
packed formation, melted and drawn into a taper, and 
then fusion-spliced to a cladding-pumped fiber. The ta- 
pering of the fiber bundles can be accomplished with 
techniques similar to those used to fabricate fused fiber 
couplers. Finally, the taper can be overcoated with a 
cladding material (e.g. a low index polymer such as 
fluorinated uv-cured acrylates) that gives the tapered re- 
gion a numerical aperture at least as great as the clad- 
ding-pumped fiber. The cladding of the bundling fibers 
can be left on the fibers and incorporated into the taper 
if the cladding is glass. Alternately, the cladding of the 
bundling fibers can be removed prior to tapering. 

Depending on the parameters of the cladding 
pumped fiber and the multimode fibers in region 12, 
there is a minimum cross sectional area below which 
region 1 3 should not be tapered. At lower areas losses 



are excessive. In general, excessive losses are avoided 
by maintaining the condition: 

( NAoutput y > ZAi 
5 I NAinput ) ~ A ' 

where NAoutput is the numerical aperture of the output 
cladding pumped fiber, NAinput is the numerical aper- 
ture of an input multimode fiber, £Ai is the summation 

10 of the cross-sectional areas of the fibers in region 12 
and A' is the area of the minimum taper diameter. 

This tapered fiber bundle has numerous advantag- 
es over conventional bundling and bulk optics: no pol- 
ishing or antireflection coating is required: there is no 

15 alignment of bulk optical system to be maintained, and 
losses are lower. In addition, as the fiber bundle is heat- 
ed during the tapering process, surface tension forms 
the bundle into one fiber, circular or nearly circular in 
cross section, thereby eliminating any wasted interstitial 

20 space. 

In an alternative embodiment, the multimode fibers 
can be non-circular to permit packing more fibers into a 
given bundle. Fig. 2 depicts one scheme for packing rec- 
tangular fibers 20 for coupling to a circular cladding- 
25 pumped fiber 15. 

Figs. 3A-3E illustrate an alternative embodiment of 
the invention wherein at least one of the bundled ta- 
pered fibers is a single-mode fiber 31 . 

In this instance, all of the bundled fibers are multi- 
30 mode fibers except for the central fiber 31 which has a 
single-mode core. The core of this central fiber can be 
used to efficiently couple light through the taper and into 
or out of the core of the cladding-pumped fiber while the 
multimode fibers 11 are used to couple light into the 
35 cladding of the cladding-pumped fiber. 

An exemplary tapered fiber bundle can be made as 
follows. Seven fibers are bundled together into a close- 
packed formation. The multimode fibers have a silica 
core with a diameter of 104 microns that is surrounded 
40 by a fluorinated cladding with a numerical aperture of 
0.17 that brings the outer diameter of the fiber to 125 
microns. The center fiber within the bundle may be a 
1 25 micron diameter silica fiber with a single-mode, step 
index core that has a delta of 0.5% and a pre-tapering 
45 width of 12 microns. The bundle of fibers is melted and 
drawn to a final diameter of 1 25 microns. Due to the de- 
formation of the fibers during the drawing process, the 
central fiber need only be tapered by a factor of the 
square root of 7 (i.e. 2.646) in order for the bundle to 
50 melt into a 125 micron diameter cylinder The heating of 
the fibers can be accomplished using a variety of ap- 
proaches including a direct flame, a baffled flame an 
electric furnace, a plasma or a C0 2 laser. The ends of 
the fiber are rigidly mounted to translation stages that 
55 are translated at different speeds in order to create the 
taper. The tapered end of the bundle may then be 
cleaved, fusion spliced to a cladding pumped fiber with 
a numerical aperture of 0.45 and then overcoated with 
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a low-index polymer. 

It is important that the single-mode core of the cen- 
tral fiber within the taper be capable of fusion splicing 
with low loss to standard single-mode fibers on both its 
tapered and untapered ends. In order to understand 
how this can be accomplished, consider the plot of the 
mode-field diameter of a step-index fiber as a function 
of core diameter shown in Fig. 4. For a given delta, there 
is a core diameter at which the mode field diameter is 
at its minimum. For a given degree of tapering and input 
and output fibers, one can design a tapering fiber such 
that the mode will have good overlap with the input fiber 
before tapering and with the output fiber after tapering 
as depicted in Fig 4. For example, if one wishes to de- 
crease the diameter of the central fiber by a factor of 
three in the tapered region, and one wishes to splice 
onto a standard step index fiber with a delta of 0.32% 
and a core diameter of S microns at a wavelength of 1 .55 
microns at both the input and output of the taper, the 
numerical modeling results shown in Fig. 5 indicate that 
a tapering fiber with a delta of 0.5% and an initial core 
diameter of 12 microns yields low splice loss at both the 
input and output ends. In this example, the tapering fiber 
remains singe-moded throughout the taper region. Ad- 
ditionally, index profiles such as that shown in Fig. 6 can 
be used to extend the technique to larger tapering ratios 
although the fiber will typically be multimoded at the un- 
tapered end. 

Figs. 7A-7H show yet a third embodiment of the in- 
vention wherein bundled tapered fibers couple light into 
both ends of a cladding-pumped fiber. In this instance 
the central fibers 31 are single mode, and the structure 
forms a cladding-pumped fiber amplifier. 



Claims 

1. A cladding pumped optical fiber device comprising: 

a length of cladding pumped fiber; 

a plurality of optical sources for optically pump- 
ing said cladding pumped fiber; and 

a plurality of multimode fibers optically coupling 
said optical sources to said cladding pumped 
fiber, each multimode fiber having a first end 
coupled to an optical source and a second end 
coupled to said cladding pumped fiber, said plu- 
rality of multimode fibers bundled together in a 
region intermediate the first and second ends 
and said bundle tapered to a reduced cross 
sectional region at the second ends. 



pumped fiber is an optical amplifier. 

4. The device of claim 2 wherein said cladding 
pumped fiber is a fiber laser. 

5 

5. The device of claim 1 wherein said cladding 
pumped fiber has a first cross sectional area and 
said bundle is tapered to a cross sectional area less 
than or equal to said first cross sectional area. 

10 

6. The device of claim 1 wherein said reduced cross 
sectional region is fusion spliced to said cladding 
pumped fiber. 

15 7. The device of claim 1 wherein said fibers are bun- 
dled in a close packed formation. 

8. The device of claim 1 further comprising a single 
mode fiber bundled with said plurality of multimode 

20 fibers and coupled to said cladding pumped fiber. 

9. The device of claim 1 wherein said cladding 
pumped fiber has a pair of ends, each end of said 
cladding pumped fiber is coupled to the tapered end 

25 of a respective bundle of fibers, and at* least one 
bundle of fibers includes a single mode fiber. 

10. The device of claim 1 wherein said rare-earth doped 
cladding pumped fiber includes an optical feedback 

30 cavity. 

11. A tapered fiber bundle comprising: 

a length of cladding pumped fiber; 

35 

a plurality of multimode fibers bundled together, 
said bundle tapered to a reduced cross section- 
al region, and 

40 said reduced cross sectional region fusion 

spliced to said cladding pumped fiber. 

12. The fiber bundle of claim 11 wherein said cladding 
pumped fiber includes a rare-earth doped core. 

45 

13. The fiber bundle of claim 12 wherein said cladding 
pumped fiber includes an optica! feedback cavity. 

14. The fiber bundle of claim 11 further comprising a 
50 single mode fiber bundled with said plurality of mul- 
timode fibers and coupled to said cladding pumped 
fiber. 



15 7. 
8. 

20 

9. 

25 



2. The device of claim 1 wherein said cladding 55 
pumped fiber includes a rare-earth doped core. 

3. The device of claim 2 wherein said cladding 



5 



BNSDOCID: <EP 0B93862A2_I_> 



EP 0 893 862 A2 




FIG. IB FIG. 1C FIG. ID 




FIG. 2 




20 



BNSDOCID: <EP 0893862A2_L> 



6 



EP 0 893 862 A2 



FIG. 3 A 




FIG. 3B FIG. 3C FIG. 3D FIG. 3E 




BNSDOCID: <EP 0893862A2J_> 



7 



EP 0 893 862 A2 




1.0 



O.B 



TRANSMISSION 



0.6- 



0.4 



FIG. 5 




02 1 '4 6 8 l'O 12 14 16 18 
CORE OIAMETER (MICRONS) 



0.7-, 
0.6- 



0.5- 
0.4- 

DELTA X 0 3 . 

0.2- 
0.1- 
0.0 



FIG. 6 



0 10 20 30 40 50 60 
RAOIUS (MICRONS) 



8 



EP 0 893 862 A2 




(19) 



J 



Europaisches Patentamt 
European Patent Office 
Office europeen des brevets 




02) 



01) EP 0 893 862 A3 

EUROPEAN PATENT APPLICATION 



(88) Date of publication A3: 

05.04.2000 Bulletin 2000/14 

(43) Date of publication A2: 

27.01.1999 Bulletin 1999/04 

(21) Application number: 98305576.5 

(22) Date of filing: 14.07.1998 



(51) mtci 7: H01S 3/06, H01S 3/0941, 
G02B 6/26 



(84) Designated Contracting States: 

AT BE CH CY DE DK ES Fl FR GB GR IE IT LI LU 
MC NL PT SE 

Designated Extension States: 
AL LT LV MK RO SI 

(30) Priority: 21.07.1997 US 897195 

(71) Applicant: LUCENT TECHNOLOGIES INC. 
Murray Hill, New Jersey 07974-0636 (US) 



(72) Inventors: 

• Di Giovanni, David John 
Montclair, New Jersey 07042 (US) 

• Stentz, Andrew John 
Clinton, New Jersey 08809 (US) 

(74) Representative: 

Watts, Christopher Malcolm Kelway, Dr. et al 

Lucent Technologies (UK) Ltd, 

5 Mornington Road 

Woodford Green Essex, IG8 0TU (GB) 



(54) 



Tapered fiber bundles for coupling light into and out of cladding-pumped fiber devices 



(57) In accordance with the invention, light is cou- 
pled from a plurality of semiconductor emitters to a clad- 
ding-pumped fiber via tapered fiber bundles fusion 
spliced to the cladding-pumped fiber. Individual semi- 
conductor broad stripe emitters can be coupled to indi- 
vidual multimode fibers. The individual fibers can be 
bundled together in a close-packed formation, heated 



to melting temperature, drawn into a taper and then fu- 
sion spliced to the cladding-pumped fiber. Advanta- 
geously, the taper is then overcoated with cladding ma- 
terial such as low index polymer. In addition, a fiber con- 
taining a single-mode core can be included in the fiber 
bundle. This single-mode core can be used to couple 
light into or out of the single-mode core of the cladding- 
pumped fiber. 
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